b-Arrestins have emerged as key regulators of cytoskeletal rearrangement that are required for directed cell migration. Whereas it is known that b-arrestins are required for formyl-Met-Leu-Phe receptor (FPR) recycling, less is known about their role in regulating FPRmediated neutrophil chemotaxis. Here, we show that b-arrestin 1 (ArrB1) coaccumulated with F-actin within the leading edge of neutrophil-like HL-60 cells during chemotaxis, and its knockdown resulted in markedly reduced migration within fMLP gradients. The small GTPase Ras-related protein 2 (Rap2) was found to bind ArrB1 under resting conditions but dissociated upon fMLP stimulation. The FPR-dependent activation of Rap2 required ArrB1 but was independent of Ga i activity. Significantly, depletion of either ArrB1 or Rap2 resulted in reduced chemotaxis and defects in cellular repolarization within fMLP gradients. These data strongly suggest a model in which FPR is able to direct ArrB1 and other bound proteins that are required for lamellipodial extension to the leading edge in migrating neutrophils, thereby orientating and directing cell migration.
Introduction
During infections by pathogens, such as bacteria and fungi, neutrophils migrate toward these microbes to eliminate them. These microbes shed molecules, including endotoxins and fMLP, forming chemoattractive gradients that guide neutrophils to migrate toward them. fMLP binds to the GPCR family member FPRs [1, 2] . Activation of FPRs induces a number of inflammatory cellular responses, including chemotaxis, degranulation, superoxide production, and phagocytosis [3, 4] . In the resting state, GPCRs bind to heterotrimeric G proteins composed of a, b, and g subunits. Ligand binding to the extracellular pocket of GPCRs induces heterotrimeric G-protein dissociation into Ga and bg subunits, which in turn, induce rapid production of a variety of second messengers. A number of these messengers are necessary for the rearrangement of the F-actin cytoskeleton that drives cell migration [5] [6] [7] [8] [9] [10] .
GRKs phosphorylate activated GPCRs and create binding sites for b-arrestins, which primarily deactivate these GPCRs [11] . b-Arrestins can also regulate signaling events that are G-protein independent, such as Erk1/2 and c-Src activation [12] [13] [14] . Over the past few years, b-arrestins have emerged as essential regulators of actin cytoskeleton and also as components involved in directed cell migration in various cancer and immune cells [15] [16] [17] [18] [19] . However, the mechanism by which b-arrestins regulate neutrophil chemotaxis is not yet well understood.
b-Arrestins have been shown to act as adaptor/scaffolding proteins that spatially control F-actin nucleation proteins and their upstream regulators for the GPCRs, such as PAR2 and an AT1AR [20] [21] [22] [23] [24] . For example, activation of PAR2 promotes the interaction between b-arrestins and the LIM kinase that associates with 2 phosphatases: slingshot and chronophin. These 2 phosphatases dephosphorylate P-cofilin proteins and thus, regulate the activity of cofilin that controls F-actin dynamics and filament reorganization [20, 21] . Rearrangement of F-actin at the leading edge is also controlled by the activity of small GTPases, such as RhoA, Cdc42, or Rac, which all play important roles in cell migration [25] [26] [27] [28] [29] . b-Arrestins can regulate small GTPases by modulating the activity of GEFs or GAPs or through activating PI3K to affect F-actin cytoskeleton rearrangement [25, 30, 31] .
The interaction between ArrB1 and the Ral-GEF, Ral-GDS, was first identified by yeast two-hybrid screening and subsequently confirmed by coimmunoprecipitation experiments. In HEK293 cells cotransfected with ArrB1 and Ral-GDS, fMLP binding to the FPR promoted Ral activation by Ral-GDS [30] , which also associates with members of the Rap family [32, 33] . Rap1 and Rap2 ubiquitously are expressed family members that share 60% identity. Rap signaling is involved in a broad number of cellular processes, including cell proliferation, cell adhesion, cell polarity, cytoskeleton dynamics, and cell motility [31, 34, 35] . Furthermore, in the past decade, a role for Rap proteins in cancer metastasis has emerged [36] [37] [38] . Rap1 and Rap2 share the common binding region through which Ras family proteins are thought to exert their biologic effects. However, in spite of their great similarity, the half-life of GTP-Rap2 is significantly longer than that of GTP-Rap1, and both proteins have been found to possess distinct physiologic properties [39] [40] [41] [42] [43] . Indeed, it has been shown that in epithelial cells, Rap1 and Rap2 counter-regulates barrier resistance [44] . However, unlike Rap1, Rap2 cannot reverse Ras-induced transformation of NIH3T3 cells [39, 45, 46] . Reports have suggested that Rap1 activation occurs through GPCR activation [47] [48] [49] . However, little is known about the function and regulation of Rap2 in these systems.
In this study, we describe a novel role for ArrB1 in fMLPdriven neutrophil chemotaxis. We identified a complex of ArrB1 and Rap2, but not Rap1, which forms under basal conditions. fMLP stimulation induces complex dissociation. fMLP stimulation activates Rap2, this activation required ArrB1 and is independent of heterotrimeric G-proteins. We also showed that ArrB1 and Rap2 are required for regulating cell adhesion and chemotaxis. Our results also shed a light onto how cell polarity is generated to support directional cell migration in a chemoattractant gradient. Therefore, we propose that FPR phosphorylation leads to ArrB1 accumulation at the plasma membrane closest to the source of fMLP. As ArrB1 is bound to Rap2, it thus directs it to the forming leading edge. Once there, it is activated and released to promote firm adhesion and cytoskeletal changes that are necessary for lamellipodial extension.
MATERIALS AND METHODS

Reagents and plasmids
fMLP, phenylmethanesulfonyl fluoride, polybrene, gelatin, fibronectin, and anti-FLAG antibodies were purchased from Sigma-Aldrich (St. Louis, MO, USA). Lipofectamine and G418 were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Complete protease inhibitor cocktail, phosphatase inhibitors tablets, and mouse antibodies against GFP were from Roche Diagnostics (Indianapolis, IN, USA). PTX was purchased from EMD Millipore (Billerica, MA, USA). Mouse antibodies against Rap2 and SHP-1 were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). b-Arrestin and CD11b PE antibody were purchased from BD Biosciences (San Jose, CA, USA). FPR1 and FPR-like 1 antibodies were purchased from Abcam (Cambridge, MA, USA). The ArrB1-eYFP was purchased from OriGene Technologies (Rockville, MD, USA), and the Flag pJLM1 Rap2A clone was purchased from AddGene (Cambridge, MA, USA). pcDNA3-eGFP-Ral-GDS, pMSCVneo and pVSVG, and actin-mCherry were generous gifts from Mark Philips (New York University, New York, NY, USA), Carole A. Parent [National Institutes of Health (NIH), Bethesda, MD, USA], and Youhong Wang (U.S. NIH), respectively.
Cell culture and differentiation
The cell line was obtained from American Type Culture Collection (Manassas, VA, USA) and cultured according to the supplied protocol. HL-60 cells were maintained in an undifferentiated state in RPMI 1640 medium containing 10% FBS and 25 mM HEPES at 37°C in a humidified 5% CO 2 atmosphere. HL-60 cells were differentiated in culture media containing 1.3% DMSO for 5 d before experiment.
Purification of PMN
Whole blood was drawn from healthy volunteers at the blood bank of U.S. NIH. Coagulation was prevented by heparin. The majority of the RBCs was removed by dextran (0.2 g/l; GE Healthcare, Pittsburgh, PA, USA) sedimentation (30 min, room temperature). Upper-phase-containing WBCs were collected and washed twice in PBS. Cells were suspended in PBS and were layered on the top of a 5-step Percoll gradient (65, 70, 75, 80 , and 85%; Sigma-Aldrich) in 15 ml. After centrifugation (800 g, 20 min at room temperature), the 70-75-80% Percoll layers containing granulocytes were collected and washed twice in PBS. Collected neutrophils were resuspended in PBS, cell concentration was determined, and cells were kept at room temperature until use. The purity of preparations was determined by Wright-Giemsa staining and yielded .95% neutrophil granulocytes.
Construct and transfection of HL-60 cells
Retroviral approach. The ArrB1-eYFP was amplified from the construct, cloned in pMSCVneo vector, and confirmed by sequencing. The expression plasmids were transfected into Phoenix packaging cell lines using lipofectamine. The transiently produced virus was harvested after 72 h. HL-60 cells were infected with these virus particles in with fresh RPMI 1640 culture medium containing 15 mg/ml polybrene and incubated for an additional 48 h. Cells stably expressing the genes were selected in media containing 1 mg/ml G418. Stable clonal populations were generated after 14-21 d and maintained in selection media. Stable ArrB1 KD cells were generated using RNA interference technology.
Lentiviral approach. Undifferentiated HL-60 cells were infected with pLKO.1 lentiviruses (Sigma-Aldrich) carrying the ArrrB1 hairpin sequence 59-CCGGAGATCTCAGTGCGCCAGTATGCTCGAGCATACTGGCGCACTGA-GATCTTTTTTG-39; the Rap2A hairpin sequence 59-CCGGGTATGAGAAAGT-GCCAGTCATCTCGAGATGACTGGCACTTTCTCATACTTTTTG -39; and the nontarget mammalian hairpin sequence 59-CCGGCAACAAGATGAAGA-GCACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTTT-39 and selected in media containing puromycin (0.6 mg/ml) for 14-21 d.
The transient transfection with eGFP-Ral-GDS and Flag pJLM1 Rap2A (1:2 molar ratio) was performed by using the Amaxa Nucleofector kit (Solution V and Program Y-001; Lonza, Basel, Switzerland).
Coimmunoprecipitation and immunoblots
In brief, cells (1310 7 /ml) were preincubated with serum-free RPMI medium supplemented with 25 mM HEPES and 0.1% FBS at 37°C for overnight. Resuspended at 2 3 10 7 cells/ml fresh serum-free medium and stimulated with 1 mM fMLP or control without fMLP at 37°C for 7 min, cells were lysed with 1% Nonidet P-40 (EMD Millipore) lysis buffer, precleared with protein G magnetic beads (Thermo Fisher Scientific), and immunoprecipitated with either control-or specific antibody-bound protein G magnetic beads at 4°C overnight. After gentle rotation, beads were washed 4 times with lysis buffer, and bound protein was eluted with Laemmli buffer, resolved by SDS-PAGE on a precast gel (4-15% Tris-HCl; Bio-Rad Laboratories, Hercules, CA, USA), and transferred electrophoretically to polyvinylidene difluoride membranes.
Filters were probed with specific antibodies, diluted in 20 mM Tris-HCl, pH 8, 150 mM NaCl, and 0.05% Tween 20 (TBST). After washing in TBST, the membranes were incubated with HRP-labeled goat anti-rabbit or goat antimouse IgG (The Jackson Laboratory, Bar Harbor, ME, USA), and immunoreactivity was visualized using the ECL system (Thermo Fisher Scientific). Densitometric analysis of the films was performed using NIH ImageJ software.
Rap2 activation assay
A Rap2 activation assay was performed, according to the manufacturer's instructions (Cell Biolabs, San Diego, CA, USA). Cells were serum starved overnight, with or without PTX, and active Rap2 was pulled down from lysates using agarose beads conjugated to Ral-GDS-RBD and detected by Western blot analysis using mouse anti-Rap2 antibodies.
Confocal imaging
For live cell imaging, neutrophil-like differentiated cells were plated in 1-or 4-well glass-bottom chambers (Nalge Nunc International, Naperville, IL, USA), coated with 0.2% gelatin at 37°C for 1 h. Chambers were washed, and cells were plated. Cells were stimulated at the 1 mM concentration of fMLP. The difference in intracellular fluorescent proteins was directly imaged using a confocal microscope. Images were exported and analyzed with ZEN software (Zeiss, Jena, Germany).
Micropipette chemotaxis assay
Differentiated cells were plated on a single-well chamber with a glass bottom (Nalge Nunc International), which was coated with fibronectin (10 mg/ml), and a chemotactic gradient was generated using an Eppendorf microinjector with Femtotips (Eppendorf, Hamburg, Germany), loaded with 1 mm fMLP.
EZ-TAXIScan chemotaxis assay
Cell migration was recorded every 15 s for 30 min at 37°C in a humidified environmental EZ-TAXIScan chamber (Effector Cell Institute, Tokyo, Japan). Coverslips and chips used in the chamber were coated with 1% BSA at room temperature for 30 min. Cell migration analysis was conducted with DIAS software (DIAS Infrared Systems, Dresden, Germany).
Cell adhesion assay
An adhesion assay was performed as described by Liu et al. [50] , with little modification. In brief, 96-well plates were coated with 10 mg/ml fibronectin overnight at 4°C. Wells were washed and blocked with 1% BSA in PBS for 1 h. Cells (2 3 10 6 ) were seeded on a precoated well and stimulated for 10 min at 37°C with 1 mM fMLP. Unbound cell were removed by shaking the plate for 10 s and washed 3 times with washing buffer (0.1% BSA, 1% aprotinin in PBS). The remaining cells were fixed at 4% paraformaldehyde and stained with crystal violet (5 mg/ml in 2% ethanol; Sigma-Aldrich), which was extracted with 1% SDS, and absorbance was measured at 570 nm. Values are presented as fold over differentiated HL-60 cells.
Calcium assay
Differentiated HL-60 cells, treated with or without 100 ng/ml PTX, incubated with Fluo-4 (Thermo Fisher Scientific) at a final concentration of 1 mg/ml for 30 min. To remove Fluo-4, cells were washed once and incubated in starving media containing PTX and then washed once. After that, cells were suspended in starving medium and seeded on a gelatin-coated chamber and were subjected to experiment.
Statistical analysis
Data were tested and analyzed by 1-way ANOVA and Student's t test. Statistical evaluations were performed using GraphPad Prism (GraphPad Software, La Jolla, CA, USA). The difference with a P , 0.05 was considered statistically significant.
RESULTS
ArrB1 redistributed to the leading edge of neutrophillike HL-60 cells during chemotaxis
The pluripotent hematopoietic cell line HL-60 can be differentiated into neutrophil-like cells using 1.3% DMSO and express chemoattractant GPCRs, including FPRs. These cells are highly chemotactic toward fMLP [51] . We found ArrB1 and ArrB2 levels were unaltered during differentiation (Supplemental Fig. 1A ). Differentiation of cells was confirmed by FACS analysis using antibodies against CD11b (Supplemental Fig. 1B ). Actin polymerization is strongly directed toward the leading edge of cells undergoing chemotaxis. The spatiotemporal regulation of actin-cytoskeleton is required for maintaining cell shape and directing cell movement [52, 53] . Activation of FPRs stimulates multiple signaling pathways that control the actin cytoskeleton, which drives extension of lamellipodia for cell migration [50, 54, 55] . Previous studies reported that b-arrestins interact with various proteins that are involved in the formation of the F-actin network required for lamellipodial extension [20, 21, 23] . To study the roles of b-arrestins in neutrophil chemotaxis, we first determined the localization of ArrB1 in HL-60 cells upon fMLP stimulation. We transiently expressed actin-mCherry and also stably expressed eYFPtagged ArrB1 in HL-60 cells (Supplemental Fig. 1C ). In both undifferentiated and differentiated neutrophil-like HL-60 cells, ArrB1-eYFP and actin-mCherry were mainly localized within the cytosol in the resting state (Fig. 1A) . Upon uniformly applied fMLP stimulation, the neutrophil-like HL-60 cells became polarized in response to the global stimulation, and ArrB1-eYFP and actin-mCherry were enriched within their leading lamellar edges (Fig. 1A) [50, 56] . We next imaged the cells migrating toward the fMLP-filled micropipette by confocal fluorescence microscopy. We found that ArrB1-eYFP coaccumulated with F-actin at the leading edge of the chemotaxing cells (Fig. 1B) . These results suggest that ArrB1 plays a role in lamellipodia formation in response to fMLP stimulation.
ArrB1 is necessary for fMLP-mediated chemotaxis in neutrophil-like HL-60 cells
To examine further the function of ArrB1 in neutrophils, we first generated an ArrB1-knockdown cell line using a lentivirus encoding an shRNA to deplete ArrB1. In ArrB1shRNA-expressing cells, ArrB1 protein levels decreased to ;10% of the level in WT or NTshRNA cells ( Fig. 2A) . To test whether ArrB1 plays a role in chemotaxis, we recorded cell movement in an fMLP gradient and determined chemotactic parameters for WT, NTshRNA, ArrB1shRNA, and ArrB1shRNA reconstituted with ArrB1-eYFP cells (ArrB1shRNA + ArrB1-eYFP), using an EZTAXIScan analyses. We found that cells with depleted ArrB1 (ArrB1shRNA) displayed a clear defect in directional cell migration (Fig. 2B) . Our analyses showed that ArrB1shRNA cells exhibited significantly shorted net path length, lower speed, and reduced directionality and roundness compared with WT or NTshRNA cells (Fig. 2C ). In addition, we found that ArrB1shRNA cells displayed a stronger adhesion phenotype, which leads to the chemotaxis defects. Our analyses showed that .50% of ArrB1shRNA cells exhibited retarded migration as a result of uropod retraction, whereas only 1-2% of WT or NTshRNA cells had similar uropod morphology during chemotaxis ( Fig. 2D and Supplemental Fig. 2A ). These chemotaxis defects were rescued by re-expression of ArrB1-eYFP in ArrB1shRNA cells, and rescued cells were able to reconstitute cell polarization and migration ( Fig. 2B and C and Supplemental Fig. 2B ). Therefore, these data show that ArrB1 is required for proper cell polarization and efficient chemotaxis in HL-60 cells.
Chemoattractant-induced ArrB1 membrane redistribution is independent of Ga i signaling
In neutrophils, FPR is linked to the PTX-sensitive Ga i subunit for the activation of downstream signaling cascades. To determine whether fMLP-induced membrane redistribution of ArrB1 is dependent on Ga i signaling, cells were pretreated with PTX, a drug to block Ga i signaling. As expected [57, 58] , the fMLP-stimulated Ca 2+ response (Supplemental Fig. 3A ) and Erk1/2 activation, both of which are mediated by Ga i signaling, were abolished (Fig. 3C) . However, PTX pretreatment failed to block the fMLP-stimulated membrane redistribution of ArrB1-eYFP, albeit with slight delayed kinetics ( Fig. 3A and B) . However, with the use of EZ-TAXIScan analyses, we found that migration of all of these cell types was significantly compromised in linear fMLP gradients by PTX treatment (Supplemental Fig. 3B-D) . This is consistent with the idea that neutrophil chemotaxis toward fMLP requires GPCR-mediated Ga i signaling [59] . Thus, the binding of fMLP to its receptor induces Ga i -dependent and -independent signaling events. It is known that FPR phosphorylation induced by fMLP is independent of Ga i signaling [58] . Therefore, our results suggest that fMLP-induced membrane redistribution of ArrB1 still proceeds in the absence of Ga i signaling, and ArrB1 plays an important role in fMLP-mediated chemotaxis in neutrophils.
The small GTPase Rap2 is associated with ArrB1 in resting cells and dissociates with fMLP stimulation
We next examined the potential role of ArrB1 in a fMLP-driven, leading-edge formation. Previous studies showed that the Ral-GDS is an interacting partner of b-arrestin by the yeast two-hybrid screening and coimmunoprecipitation from human polymorphonuclear cells [30] . Ral-GDS binds to activated forms of Rap1 and Ras in vitro, preferentially to Rap1A rather than Ras [32, 60, 61] . However, the GTP-bound form of Rap2 (active Rap2) also interacts with full-length Ral-GEFs in yeast two-hybrid systems, as well as in vitro [33] . Given the interaction between ArrB1 and Ral-GDS, we decided to investigate if ArrB1 physically interacts with Rap1 and/or Rap2.
With the use of coimmunoprecipitation experiments with anti-GFP antibodies to pull down exogenous ArrB1 from lysates of cells stably overexpressing ArrB1-eYFP, we found that Rap2 bound to ArrB1 in unstimulated cells but dissociated following 7 min of fMLP stimulation (Fig. 4A and B) . We chose the 7 min time point, as ArrB1-eYFP starts to localize to endosomes in stably expressing ArrB1-eYFP in differentiating cells, and stimulation was validated by Erk1/2 activation (Supplemental Movie 1 and Supplemental Fig. 4A and B) , and .70% of FPR is also internalized near this time point [62, 63] . We also detected the interaction between ArrB1 and FPRs after 7 min of fMLP stimulation (Supplemental Fig. 4C ). Interestingly, under the same assay conditions, we were unable to detect an interaction between ArrB1 and either the Rap1A or -B isoform, suggesting that the observed interaction between ArrB1 and Rap2 was specific to this family member (Fig. 4A) . The phosphatase SHP-1 and b-arrestin are known to associate constitutively in NK cells [64] . Therefore, we probed the same immunoprecipitates for SHP-1 and found that this interaction also occurs in neutrophils, such as HL-60 cells (Fig. 4A and B) . In reverse coimmunoprecipitation experiments using Rap2-specific antibodies, we again detected an interaction between Rap2 and ArrB1 before but significantly reduced following fMLP stimulation (Fig. 4C and D) . In addition, we detected SHP-1 in these Rap2 immunoprecipitates. Together, these data demonstrated that Rap2, ArrB1, and SHP-1 form a complex, where both SHP-1 and Rap2 are bound to ArrB1 under resting conditions, and fMLP stimulation induced the release of Rap2 from the complex. The fMLP-induced dissociation of the complex of ArrB1/SHP-1/Rap2 was also confirmed by coimmunoprecipitation experiments using SHP-1-specific antibodies (Fig. 4E-G) . However, it is unclear from these data if any given interaction within the complex is direct or indirect.
fMLP-triggered Rap2 activation is dependent on ArrB1 but not Ga i
Our observation that fMLP stimulation forces the dissociation of Rap2 from ArrB1 suggested a role for ArrB1 in the regulation of Rap2 signaling. We measured fMLP-induced Rap2 activation in cells of NTshRNA, NTshRNA treated with PTX, and ArrB1shRNA cells. We determined the fMLP-induced levels of Rap2 (GTP-bound) activation by its binding ability to the Ral-GDS-RBD (Fig. 5A) . Active Rap proteins bound to the Ral-GDS-RBD were detected by Western blot analysis using Rap2-specific antibodies. In NTshRNA cells, fMLP induced a clear increase in active Rap2 (Fig. 5A and B) . To check Rap2 activation in the experiments, we treated NTshRNA cell lysates with GDP to inhibit or GTP-gS to activate Rap2 as negative and positive controls, respectively ( Fig. 5A and B) . When NTshRNA cells were pretreated with PTX, Rap2 activation was unaltered, indicating that Ga i signaling is not required for fMLP-induced Rap2 activation ( Fig. 5A and B) . However, fMLP stimulation failed to activate Rap2 in ArrB1shRNA cells, suggesting that fMLPstimulated Rap2 activation is dependent on ArrB1.
that ArrB1 is necessary for Rap2 activation, we next tested whether ArrB1 plays a role in its cellular localization. To detect the localization of active Rap2 in live cells, we coexpressed GFP-Ral-GDS, a fluorescence probe for active Rap2, and FLAGtagged Rap2 as a result of an insufficient level of endogenous Rap2 to support detection [65, 66] . With the use of fluorescence microscopy, we imaged a response to fMLP stimulation in cells cotransfected with FLAG-tagged Rap2 and GFP-Ral-GDS ( Fig. 5C and Supplemental Fig. 4D ). We found that fMLP stimulation induced the membrane redistribution of GFP-Ral-GDS in both NTshRNA cells and NTshRNA cells treated with PTX. This indicates that fMLP stimulation promotes Rap2 activation that is Ga i I independent in proximity to the membrane (Fig. 5C and D) . However, the fMLP-induced membrane redistribution of GFP-Ral-GDS was markedly attenuated in ArrB1shRNA cells (Fig. 4C and quantified in Fig. 4D and Supplemental Movies 2-4). As a negative control, we used cells that only expressed eGFP-Ral-GDS (Supplemental Fig. 4E and F) . Together, these findings demonstrate that the fMLP-induced activation of Rap2 is mediated through an ArrB1-dependent mechanism that is independent of Ga i activity.
Rap2-GTP regulates chemotaxis in neutrophil-like HL-60 cells
To test the potential role of Rap2 in fMLP-driven neutrophil chemotaxis, we examined chemotaxis of Rap2-depleted HL-60 cells. To establish Rap2-knockdown cells, we designed a Rap2-specific shRNA that was directed toward a common sequence to both Rap2A and -2B isoforms and obtained cells with Rap2 levels decreased by ;50% (Fig. 6A) . Western blot analysis also showed that the expression of ArrB1 and Rap1 was unaffected (Fig.  6A) . In EZ-TAXIScan chamber assays, NTshRNA cells displayed normal chemotaxis ( Fig. 6B compared with Fig. 2B) ; therefore, we used NTshRNA cells as the control for this analysis. In sharp contrast, Rap2shRNA cells displayed a dramatically elongated, spindle-shape phenotype over the first 5 min of exposure to the fMLP gradient. Quantification of cellular behavior revealed that Rap2shRNA cells exhibited a significant decrease in net migratory path length, directionality, and speed during the first 5 min of their migration. However, when Rap2shRNA cells were exposed to the fMLP gradient for a longer time, they behaved more like NTshRNA cells. At later timepoints, between 5 and 30 min, both Rap2shRNA cells and control cells moved in a similar manner (Fig. 6C) . However, in contrast to other parameters, the roundness of Rap2shRNA cells, an indicator of cell polarization, decreased even further over time, as the cells appeared to stretch as a result of a defect in uropodal detachment ( Fig. 6C and Supplemental Fig. 5A ). Together, these observations suggested that Rap2 plays a role in uropod retraction in neutrophil chemotaxis, which results in the observed stretching of cell posterior end.
Rap2 GTPase is required for mediating neutrophil adhesion
To examine the role of Rap2 in uropod retraction, we performed micropipette migration assays to look at individual cell behavior at higher magnification during fMLP-driven chemotaxis. Whereas NTshRNA cells formed a well-defined leading and trailing edge and migrated with a high chemotactic index toward the micropipette filled with fMLP (Fig.  7A) , Rap2shRNA cells failed to migrate effectively and displayed spindle-shaped morphology (Fig. 7A) . Furthermore, we found that ArrB1-and Rap2-depleted cells showed multiple similar defects, including those in tail retraction, in directionality toward fMLP (Fig. 7A) , and in mobility (Fig. 7A, Supplemental  Fig. 5B , and Supplemental Movies 5-7). Together, our observations showed that depletion of either Rap2 or ArrB1 resulted in similar chemotactic phenotypes.
During chemotaxis, filopodia protrusions are stabilized by cellsurface receptor interaction with the extracellular matrix. These interactions are necessary to generate the forces required to move the cell forward and also play a role in uropod retraction [67] . Thus, we reasoned that our observed chemotaxis defects might be caused by an alteration in cell adhesion. Therefore, measured the attachment of fMLP-stimulated cells to a fibronectin-coated surface (Fig. 7B) . We found that fMLPstimulated adhesion to fibronectin was significantly decreased in both Rap2-and ArrB1-depleted cells compared with WT and NTshRNA cells (Fig. 7B) . Thus, these findings suggested that both Rap2 and ArrB1 play a significant role in the interaction with the extracellular matrix.
Others [68] reported that AT1AR-mediated p-MLC, which is required for cell contraction and migration, is dependent on b-arrestins. Therefore, we examined whether ArrB1 and/or Rap2 play a role in fMLP-stimulated p-MLC II. In NTshRNA cells, fMLP stimulation triggered a rapid increase in p-MLC II level, reaching the peak levels between 1 and 5 min and then decreasing before reaching an apparent equilibrium. However, in both Rap2shRNA and ArrB1shRNA cells, we found that the p-MLC II level was not increased further by fMLP stimulation (Fig. 7C and D) . As myosin II supports uropod attachment, this defect in myosin regulation may underlie the defect in uropod detachment seen in cells lacking either ArrB1 or Rap2.
DISCUSSION
Neutrophils constitute the majority of circulating WBCs and play a major role in immunity against bacterial and fungal infections. Chemoattractants shed by invasive organisms, including fMLP, act on GPCRs to guide the migration of neutrophils toward the site of infection. fMLP binding to its receptor, FPR, triggers the dissociation of the Ga i /Gbg heterotrimer, generating free Ga i and Gbg dimers [69] . Whereas Ga i mainly mediates the control of ion channels downstream of FPR stimulation, the free Gbg dimer activates several signaling effectors, including PI3K [70] . The relevance of PI3K function in promoting chemotactic behavior has been studied in various model systems and primary neutrophils. The use of neutrophils from PI3Kg null mice and the PI3K pan inhibitor, wortmannin, and a PI3Kg-specific inhibitor, AS-252424 demonstrated a role for PIP3 production during chemotaxis [71] . However, whereas PIP3 plays a role in maintaining efficient migration, its generation cannot be the sole factor determining directionality [72] . Indeed, PIP3 controls pseudopodia production rate but not its direction [73] . b-Arrestins, which have been thought to function primarily in FPR inactivation [11] , have also been found to interact with Ral-GDS in a yeast two-hybrid screening. This was confirmed further by coimmunoprecipitation of ArrB1 and Ral-GDS from PMNs [30] . However, the residue responsible for the binding between these 2 proteins remains unclear. In the current paper, we present evidence that Rap2, a Ral-GDS target, also binds ArrB1. This complex was found to exist in unstimulated neutrophil-like HL-60 cells but rapidly dissociated upon fMLP stimulation. These data strongly suggest a mechanism whereby ArrB1 is able to direct the activation of Rap2 in response to fMLP, independent of Ga i signaling. As Rap2 regulates stable adhesion upon its activation, our data suggest that FPR activation recruits this preformed ArrB1/Rap2 complex, and the integrity of this complex is required for lamellipodial stabilization during fMLP-stimulated migration.
b-Arrestins have emerged as important regulators of the actin cytoskeleton that drives the migration of mammalian cells [15] . They have been reported to be involved in regulating various F-actin assembly proteins, including LIM kinase, chronophin, and slingshot. Activation of GPCRs, PAR2 and AT1AR, drive the establishment of the leading edge of the cell by regulating cofilin functions [20, 21, 74] . In our study, we provide evidence for a direct role of ArrB1 on controlling change in the F-actin network during chemotaxis. First, we demonstrated that ArrB1 is localized to lamellipodia, where it coaccumulated with the actin network polarized toward the source of fMLP (Fig. 1) . Second, depletion of ArrB1 resulted in chemotaxis defects that included reduced directionality, lower average speed, shorter net path length, and abnormal cell polarization ( Fig. 2 and Supplemental Fig. 2 ). Third, ArrB1 forms a complex with the small GTPase Rap2 that dissociated from ArrB1 upon fMLP stimulation (Fig. 4 and Supplemental Fig. 4) , and fMLP-stimulated activation of Rap2 required ArrB1 (Fig. 5) . Fourth, Rap2 is also required for cell migration and cell polarity as Rap2-depleted cells also showed some overlapping chemotaxis defects similar to ArrB1-depleted cells ( Fig.  6 and Supplemental Fig. 5 ). Significantly, both ArrB1-and Rap2-depleted cells also showed a defect in p-MLC II, which controls the retraction at the trailing ends of migrating cells (Fig. 7) .
ArrB1 interacts with Ral-GDS [30] that activate Ras, Rap1, and Rap2 small G proteins in PMNs [33, 75, 76] . Similar to the case reported here for Rap2, the b-arrestin/Ral-GDS protein interaction is also disrupted upon FPR stimulation [30] . Thus, combined with our data, we propose that activation of FPR promotes the association between ArrB1 and the phosphorylated FPR receptor. The association of the complex to the FPR and/or membrane induces the release of both ArrB1-associated proteins required for lamellipodial stability and extension (Fig. 8) . It is clear from our knockdown data that the integrity of this complex is required for the migration of cells toward the source of chemoattractant.
Our study also provides evidence that the fMLP-stimulated membrane redistribution of ArrB1 is independent of Ga i . These results are consistent with previous data that showed that PTX treatment failed to affect phosphorylation of the FPR and the translocation of ArrB1/2 to the membrane [58] . However, we observe a time delay for the translocation of ArrB1-eYFP to the lamellipodia following PTX treatment. This slower kinetic of membrane translocation may be explained by a delay of FPR phosphorylation as a result of a direct steric hindrance of the kinases by the PTX-inactivated heterotrimeric G-protein complex. Therefore, these data demonstrate that the ArrB1 complex is required for fMLP-directed migration and does not require heterotrimeric G protein dissociation.
Both Rap1 and -2 have been implicated in a variety of biologic processes that are involved in cytoskeleton rearrangement, cell polarity, and adhesion [77] [78] [79] . The means by which the various GEFs and GAPs coordinate the spatiotemporal regulation of Rap signaling in response to fMLP stimulation in migrating cells are not well understood. Our study provides evidence that ArrB1 controls the localization for active Rap2 that acts during the polarization and migration of neutrophils. We show that ArrB1 is necessary for fMLP-induced Rap2 activation, suggesting that the ArrB1-associated pool constitutes a large fraction of the FPRactivated Rap2 in these cells. In addition, we showed that a majority of the activated Ral-GDS is localized in fMLP-stimulated membrane ruffles in cells overexpressing Rap2. Significantly, depletion of ArrB1 in these cells resulted in a failure of Ral-GDS redistribution to membrane ruffles upon fMLP stimulation. Therefore, these data show that the ArrB1-associated pool of Rap2 and Ral-GDS both require ArrB1 for their proper fMLPstimulated intracellular localization. This is supported further by previous results showing that the expression of the N-terminal domain of ArrB1 blocked the membrane translocation of GFPRal-GDS in HEK293 cells [30] .
Cells depleted of ArrB1 or Rap2 exhibited defects in uropod retraction during chemotaxis ( Fig. 7 and Supplemental Figs. 3 [80, 81] . Rap1A-depleted neutrophils were unable to form tight adhesion at their leading edge, resulting in a spindle-shaped morphology with slowed uropod retraction. However Liu et al. [81] suggest that Rap1 controls uropod retraction through the Ras association and DIL domain protein (Radil), which is a regulator of b 2 -integrinmediated adhesion. We found that Rap1 levels were unaffected in Rap2-depleted cells, and ArrB1 binds Rap2 not Rap1. In addition, our data revealed that adhesion to fibronectin-coated surfaces was decreased in both ArrB1 and Rap2 KD cells. Therefore, taken together, we postulate that both Rap GTPases ultimately regulate the pathways that govern adhesion and retraction of the trailing ends of chemotaxing cells. As Rap2-depleted cells were still capable of moving toward fMLP, we believe Rap1 and Rap2 may operate in separate pathways that are both necessary but individually insufficient to drive these processes. However, ArrB1-knockdown cells exhibited a verity of additional chemotactic defects, including speed, directionality, and net path length. As the ArrB1 complex likely controls effector functions, in addition to Rap2, it would be expected that the phenotype of a Rap2 KD is likely to constitute only a subset of the phenotypic effect caused by the KD of ArrB1. We also observed dysregulation of myosin phosphorylation in these cells, which may be related to observed defects in uropod retraction and migration [68] .
In summary, data presented here revealed a novel signaling mechanism that allows the FPR to govern the directed cell migration toward the source of its ligand. The ArrB1 complex illuminated here contains several factors with known regulatory and effector functions to promote adhesion and lamellipodial stabilization during cell migration. As ArrB1 binds to FPR, phosphorylated downstream of its activation, it would be able to coordinate the recruitment of these proteins to the leading edge of the cells defined by an fMLP gradient. Thus, fMLPinduced ArrB1/Rap2 signaling regulates repolarization of the actin cytoskeleton for chemotaxis directly downstream of the FPR. Additional studies will be required to define further the regulatory interplay among the members of this ArrB1 complex, including Ral-GDS, Rap2, and SHP-1. 
